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ABSTRACT It is widely accepted that PYP undergoes global structural changes during the formation of the biologically active
intermediate PYPM. High-angle solution x-ray scattering experiments were performed using PYP variants that lacked the
N-terminal 6-, 15-, or 23-amino-acid residues (T6, T15, and T23, respectively) to clarify these structural changes. The scattering
proﬁle of the dark state of intact PYP exhibited two broad peaks in the high-angle region (0.3 A˚1 , Q , 0.8 A˚1). The
intensities and positions of the peaks were systematically changed as a result of the N-terminal truncations. These observations
and the agreement between the observed scattering proﬁles and the calculated proﬁles based on the crystal structure conﬁrm
that the high-angle scattering proﬁles were caused by intramolecular interference and that the structure of the chromophore-
binding domain was not affected by the N-terminal truncations. The proﬁles of the PYPM intermediates of the N-terminally
truncated PYP variants were signiﬁcantly different from the proﬁles of the dark states of these proteins, indicating that
substantial conformational rearrangements occur within the chromophore-binding domain during the formation of PYPM. By use
of molecular ﬂuctuation analysis, structural models of the chromophore-binding region of PYPM were constructed to reproduce
the observed proﬁle of T23. The structure obtained by averaging 51 potential models revealed the displacement of the loop
connecting b4 and b5, and the deformation of the a4 helix. High-angle x-ray scattering with molecular ﬂuctuation simulation
allows us to derive the structural properties of the transient state of a protein in solution.
INTRODUCTION
PYP is a putative photoreceptor of negative phototaxis in
the purple phototropic bacterium Halorhodospira halophila
(1,2). PYP is composed of four segments, namely, an
N-terminal cap (residues 1–28), a PAS core (residues 29–69),
a helical connector (residues 70–87), and a b scaffold (residues
88–125) (3,4). In this article, we refer to the latter three
segments as the chromophore-binding region. Absorption of
a photon by the chromophore of PYP, a p-coumaric acid
moiety located in a hydrophobic pocket in the chromophore-
binding region, triggers the isomerization of the chromo-
phore (5) and the subsequent thermal reaction cycle (6–10).
The blue-shifted reaction intermediate PYPM, which has also
been referred to as I2 or pB and forms over a time scale of
;100 ms, is assumed to be the active state. Although the
downstream transducer has not been identiﬁed, structural
information about PYPM is crucial for investigating the
molecular mechanism of PYP-dependent photosignal trans-
duction. According to time-resolved crystallography, the
structural changes in PYPM are conﬁned to the area near the
chromophore (11,12). On the other hand, substantial confor-
mational changes in the protein moiety of PYPM in solution
have been reported in studies using spectroscopic (13,14),
thermodynamic (15–17), NMR (18,19), and x-ray scattering
(20) measurements. Therefore, detailed structural informa-
tion about PYPM in solution is required to clarify the
mechanism underlying the phototransduction.
We previously found that N-terminal truncation of the
protein by chymotrypsin treatment prolongs the lifetime of
PYPM without any structural perturbation in the chromo-
phore-binding region of PYP under dark conditions (21).
Prolonging the lifetime of this intermediate is useful for
structural studies because the active state of the protein can
be easily accumulated under continuous illumination, which
allows the measurement of subtle signals from the active
state. Our studies of PYPM in solution using truncated PYP
variants suggested that during the formation of PYPM, the
N-terminal cap moves away from the chromophore-binding
region, and the chromophore-binding region is slightly
swollen (22). We also observed the deformation of a-helices
in the N-terminal cap and the chromophore-binding region,
and structural changes in the b-sheets in the chromophore-
binding region during PYPM formation (23). The recently
reported NMR structure of a PYP variant that lacked the
ﬁrst 25 N-terminal amino-acid residues exhibits a large
degree of structural disorder, especially in the chromophore-
binding region, resulting in the exposure of the chromophore
to the solvent (19). The NMR structure, however, does not
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necessarily explain the solution structural properties of the
protein; the increase of the size of the protein during the
formation of the active state observed in the NMR study is
larger than what we observed in our previous SAXS study
(19,22). Therefore, we have employed high-angle solution
x-ray scattering to examine the structure of PYPM.
SAXS experiments allow the determination of the overall
structural parameters of a protein, such as the radius of
gyration, the maximum dimension of the particle, and the
molecular shape, under various physiological conditions
(24,25). Analysis using SAXS permits the construction of
low-resolution structural models without any presupposi-
tions; this method, which is called ab initio shape prediction
(26,27), is widely used to characterize protein structures
under physiological conditions (28,29). Recent improve-
ments in two-dimensional x-ray detectors and the availability
of third-generation synchrotron radiation sources have
improved the quality of x-ray solution scattering proﬁles
even in the higher-angle region with Q values up to 6 A˚1.
High-angle proﬁles contain information about secondary
structure packing and tertiary folds (30–32). Although the
combination of MD simulation and high-angle solution scat-
tering is expected to be useful to derive structural informa-
tion (33), the systematic application of these techniques has
not been reported.
In this study, to extract structural information about PYP
in solution, high-angle x-ray scattering experiments were
performed using N-terminally truncated PYP variants. Struc-
tural models derived with molecular ﬂuctuation simula-
tion were used to explain the high-angle scattering proﬁles.
The obtained model clearly shows the loop connecting b4
and b5 and the a4 helix moving away from the chromo-
phore-binding pocket. The obtained structural model and the
scattering proﬁle are compared with the solution structures




Intact PYP overexpressed in Escherichia coli BL21(DE3)
using the pET system (Novagen) was reconstituted by the
addition of p-coumaric acid anhydride in 4 M urea buffer
(34). After removal of the urea by dialysis, PYP was puriﬁed
using several rounds of chromatography on DEAE Sephar-
ose CL6B columns (Amersham Biosciences, Piscataway,
NJ) until the optical purity index (absorbance at 277 nm/
absorbance lmax) was less than 0.44. Truncated PYP variants
lacking the N-terminal 6, 15, or 23 amino-acid residues (T6,
T15, and T23, respectively) were prepared by chymotryp-
sin treatment and each truncated PYP variant was isolated
and puriﬁed on DEAE-Sepharose columns (21). For x-ray
scattering experiments, the PYP variants were suspended
in MOPS buffer (10 mM MOPS and 200 mM NaCl at pH
7.0).
High-angle x-ray scattering experiments
High-angle x-ray scattering experiments were performed
using the x-ray scattering spectrometer installed on the
BL40B2 beamline at SPring8 (Harima, Japan) (35). The
sample-to-detector distance was 100 cm, and the x-ray
wavelength was set to 1 A˚. The sample solution was placed
into a specially designed cell with a 1-mm path length. The
scattering images in the dark and under continuous illumi-
nation (wavelength . 410 nm) were collected for the same
solution sample at 20C using an on-line imaging plate de-
tector (R-Axis IV; Rigaku). The sample solution was ex-
changed several times after the ﬁrst minute of exposure
(every 30 sec for the dark and illuminated conditions) to
avoid radiation damage. The obtained two-dimensional im-
ages were circularly averaged and scaled with the incident
beam monitor count. The ﬁnal one-dimensional data for each
sample were obtained by subtracting the proﬁle of the buffer
from that of the sample solution. To examine the protein
concentration effect on the proﬁles, the measurements were
carried out at several different protein concentrations (be-
tween 2 and 12 mg/ml). Because no signiﬁcant concentration
effects were observed in the high-angle region examined
in this work, the proﬁles obtained for the highest protein
concentration that showed the lowest noise level were used
for the further analysis.
Calculation of the x-ray scattering proﬁles of atomic
structural models
The x-ray scattering proﬁles of the crystal structures of intact
PYP and the truncated PYP variants, the NMR structures,
and the constructed model structures were calculated using
the CRYSOL program (36); the hydration layer was not
included in this analysis of the high-angle scattering. The
crystal structure of the dark state of PYP (PDB ID 1NWZ)
(37) was used for the calculation of the proﬁle of intact PYP.
The models of the N-terminally truncated PYP variants (T6,
T15, and T23) were constructed by deleting the coordinates
for the N-terminal 6-, 15-, and 23-amino-acid residues from
the intact crystal structure (1NWZ), respectively. The PDB
codes of the NMR structures of the dark state and the light
state are 1XFN and 1XFQ, respectively (19).
CONCOORD simulation
The dependence of the ﬂuctuation distribution on the trun-
cation was analyzed using the CONCOORD program, which
provides mutually uncorrelated structures that fulﬁll an em-
pirical parameter set of upper and lower interatomic distance
limits (38). Although detailed aspects of the protein dynam-
ics were not obtained, similar results were attained for the
ﬂuctuation distributions calculated using conventional MD
and CONCOORD simulations. In this study, 500 structures
were generated for intact PYP, T6, T15, and T23 using the
CONCOORD program with the default parameters.
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RESULTS
High-angle x-ray scattering experiments with
intact PYP, T6, T15, and T23 in the dark
The high-Q region (0.3 to 1 A˚1) of a scattering proﬁle is
closely related with secondary structure packing (30–33).
Therefore, the N-terminal deletions of PYP were expected to
affect the scattering proﬁle. Fig. 1 a shows the experimen-
tally observed scattering proﬁles of intact PYP and the
various N-terminally truncated variants (T6, T15, and T23).
The proﬁle of intact PYP has two broad peaks at Q ¼ 0.35
and 0.55 A˚1, with a valley around Q ¼ 0.41 A˚1. The six-
residue deletion (T6) increased the intensity of the peak at
the lower Q value while shifting it to a higher Q value. A
decrease in the intensity of the peak at the higherQ value and
a shift of the valley toward a higher Q value were also ob-
served. On the other hand, although T15 and T23 contained
different deletions, they resulted in similar scattering proﬁles
with a single maximum around Q ¼ 0.39 A˚1. These char-
acteristic proﬁle changes indicate that the scattering proﬁle
in this Q region reﬂected intramolecular interference.
The experimentally observed proﬁles can be explained
using the crystal structure of PYP (Fig. 1 b). The theoretical
proﬁle of intact PYP has two broad peaks at the same
positions as those observed in the experimentally obtained
curve. The theoretical proﬁles for T6 and T23 were also
similar to the respective observed proﬁles. The agreement
between the calculated proﬁles and the observed proﬁles
indicates that the structures of T6 and T23 as well as that of
intact PYP can be explained by removing the corresponding
residues from the crystal structure and that the intramolecular
interference scattering can be clearly separated from the small-
angle scattering that results from the molecular envelope.
The theoretical proﬁle for T15 appeared to be an interme-
diate between those for T6 and T23 and was different from
the observed proﬁle of T15. This suggests that the degree of
disorder in the N-terminal region of T15 did not allow its
average structure to be deﬁned, resulting in the disappear-
ance of the interference between the N-terminal region and
the rest of the protein.
Mean-square ﬂuctuation of intact PYP and the
truncated PYP variants
To validate the chaotic feature of the N-terminal region of
T15, the mean-square ﬂuctuations of intact PYP, T6, T15,
and T23 were simulated using the CONCOORD program
(38). The results are described in Fig. 2 a, whereas the
crystallographic B factor of intact PYP (37) is shown in Fig.
2 b. The positions of the peaks and valleys in the mean-
square ﬂuctuation data for intact PYP are similar to those in
the B-factor data; therefore, the mean-square ﬂuctuations
obtained with the CONCOORD program reﬂect the actual
ﬂuctuations. From Fig. 2 a, there are clear differences among
T6, T15, T23, and intact PYP in the N-terminal regions and
the C-terminal loops. Although T6 results in a small increase
in the amplitude of the signal for the whole N-terminal
region, the positions of the peaks and valleys are conserved.
On the other hand, the ﬂuctuation of the N-terminal region of
T15 signiﬁcantly increases, which supports the interpretation
of a disordered N-terminal region in T15. It is noteworthy
that the ﬂuctuations at Phe6, Ile11, Glu12, Leu15, Asp20, and
Leu23 are less pronounced than those at the other amino-acid
residues in the N-terminal region. According to the crystal
structure, these residues associate with the residues from the
b–sheet, including Leu26, Phe28, Lys110, Ala112, Trp119, and
Phe121, mainly through hydrophobic interactions (37). We
believe that these residues act as nodes to stabilize the
N-terminal region. In the case of T15, four of the six residues
that are critical for the stabilization (Phe6, Ile11, Glu12, and
Leu15) were missing, resulting in the destabilization and
divergence of the N-terminal portion of T15.
X-ray scattering proﬁles of the PYPM
intermediates of T6, T15, and T23
The x-ray scattering proﬁles of T6, T15, and T23 were mea-
sured under continuous illumination. Because N-terminal
FIGURE 1 High-angle scattering proﬁles of intact PYP (black line),
T6 (blue line), T15 (green line), and T23 (red line) measured in solution (a)
and calculated from the respective atomic structural models (b).
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truncations prolong the lifetime of the M intermediate, more
than 90% of the protein was expected to be in the PYPM state
under continuous illumination (22). It was recently reported
that the PYPM state includes various long-lived near-UV
intermediates containing a protonated chromophore (39–41).
Two of these substates are on the pathway of the thermal
reaction cycle; the early and late substates have previously
been called I2 and I29, respectively (39,40). The equilibrium
between the two substates is highly inﬂuenced by the
solution condition (39–41). In our recent study, it was shown
that the equilibrium under continuous illumination depends
on the solution pH, and the two substates are spectroscop-
ically and structurally distinguishable from each other (41).
The substate that accumulated under acidic conditions ex-
hibited a lmax of 367 nm, whereas the substate that amassed
under alkaline conditions exhibited a lmax of 356 nm; we
called these substates PYPAcidM and PYP
Alkali
M ; respectively.
The structural change associated with PYPAlkaliM is larger than
that associated with PYPAcidM : Spectral and structural simi-
larities suggested that I2 and I29 corresponded to PYP
Acid
M and
PYPAlkaliM ; respectively. Assuming that the pKa values of the
N-terminally truncated variants are identical to that of the
wild-type protein, ;80–90% of the intermediates that accu-
mulated at this pH was assumed to be PYPAlkaliM (41), which
was supported by the fact that the lmax values of the accu-
mulated intermediates of T6, T15, and T23 (357 nm for each)
were close to that of PYPAlkaliM (22,41). Furthermore, even if a
small amount of PYPAcidM was included in the observed states,
because the structural change in PYPAcidM is smaller than that
in PYPAlkaliM (41), the observed proﬁle change should mainly
reﬂect the structure of PYPAlkaliM : Hereafter, PYP
Alkali
M is
therefore simply called PYPM. Fig. 3 shows the intensity
proﬁles of the PYPM intermediates of the truncated PYP
variants compared with those obtained for their dark states.
Signiﬁcant differences between the two states were observed
for each truncated PYP. The proﬁles of the PYPM interme-
diates of the three truncated PYP variants are similar, with
two broad peaks located at the same positions (arrowheads
FIGURE 2 Ca ﬂuctuation distributions of intact PYP (black line), T6
(blue line), T15 (green line), and T23 (red line) simulated using the
CONCOORD program (a). For the sake of comparison, the crystallographic
B-factors of the Ca positions (37) are shown in b.
FIGURE 3 High-angle x-ray scattering proﬁles of T6, T15, and T23 under
illumination (circles with error bars). As a reference, the proﬁles of the dark
states are shown (dashed lines). The characteristic bimodal proﬁles observed
under the illumination are noted by the arrowheads.
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in the ﬁgure). The characteristic proﬁle changes in T23,
which lacks most of the N-terminal cap, indicate rearrange-
ments of the secondary structure packing in the chromophore-
binding region.
The proﬁles of the PYPM intermediates of all of the
truncated PYP variants are superimposed on the log-log plot
in the inset of Fig. 4. The differences among the proﬁles
appear in the valley around Q ¼ 0.3 A˚1, where the ﬁnal
slope of the shape scattering and the onset of the intramo-
lecular interference scattering overlap. To derive the contri-
bution from the secondary structure packing, the scattering
proﬁles that were caused by intramolecular interference were
extracted by subtracting the estimated shape scattering from
the original proﬁle. In general, the ﬁnal slope of the shape
scattering is proportional to Qa, where a is related to the
fractal dimension (42) or the protein conformational state
(43). The shape scattering proﬁle for each sample was
evaluated by extrapolation of a line ﬁt to the ﬁnal slope (0.19
A˚1,Q, 0.21 A˚1) in the log-log plots. In the area around
the valley, the slopes of the regression lines for T15 and T23
are steeper than that for T6 (see the inset in Fig. 4). The excess
intensity as a result of the shape scattering was subtracted
from the original intensity proﬁle, resulting in the corrected
intramolecular interference proﬁle of the PYPM intermediate
for each truncated PYP (Fig. 4). All the corrected proﬁles
were identical within the statistical errors. This agreement
suggests that the secondary structure packing of the PYPM
intermediates was essentially the same, regardless of differ-
ences in the length of N-terminal region. In other words, the
N-terminal regions of T6 and T15 did not inﬂuence the
intramolecular interference scattering. Note that the structure
of the N-terminal region of the dark state of T6 is ordered
and well deﬁned. As was the case for the dark state of T15,
the N-terminal region of T6 was disordered during the
formation of PYPM, which eliminated the interference.
Characterization of the solution structure of the
chromophore-binding region of PYPM
The change in the proﬁle of T23 indicates a signiﬁcant
rearrangement in the secondary structure packing of the
chromophore-binding region during the formation of PYPM
(Fig. 3 c). On the basis of the obtained proﬁle, we attempted
to construct a solution structural model of PYPM, especially
for the chromophore-binding region. We attempted to
generate plausible conformations from a variety of structures
derived from the crystal structure of PYP using the high-
angle x-ray scattering proﬁle as a boundary condition. The
structure ensemble was constructed using the CONCOORD
program, which was used in the ﬂuctuation analysis of T23.
As a reference, Fig. 5 shows the calculated intensity proﬁles
of a subset of the structure ensemble generated by randomly
extracting 10 structures from the ensemble of 500 structures.
Although most of the structures resulted in proﬁles that
resembled the proﬁle of the dark state of T23 (a single broad
peak at Q ¼ 0.39 A˚1), some structures had proﬁles that
displayed the bimodal shape observed for the PYPM inter-
mediate of T23 (an example of this type of proﬁle is denoted
by the thick line in Fig. 5). The structures that satisﬁed the
following two criteria were selected as the candidate models
of the PYPM structure: 1), the peak position was observed
atQ, 0.39 A˚1; and 2), a clear shoulder was present around
Q ¼ 0.6 A˚1. Consequently, 51 structures from the whole
FIGURE 4 Corrected scattering proﬁles of T6 (blue line), T15 (green
line), and T23 (red line), in which the excess intensity compared with the
proﬁle of T23 is subtracted from the original proﬁles of T6 and T15. The
original proﬁles are shown in the log-log plot in the inset. The solid lines
in the inset are the regression lines obtained by ﬁtting the ﬁnal slope.
FIGURE 5 The calculated scattering proﬁles of 10 structures randomly
extracted from the parent structure ensemble consisting of 500 structures.
For the sake of clarity, each proﬁle is shifted along the longitudinal axis. The
dashed line indicates the peak position (Q ¼ 0.39 A˚1) in the scattering
proﬁle of the dark state of T23, which was calculated from the atomic
structural model. The thick line shows the features that are similar to the
experimentally obtained proﬁle of T23 under illumination, including the
characteristic bimodal shape (marked with arrowheads).
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structural ensemble were selected. The average of the
selected structures is shown in Fig. 6 as a model of PYPM
(white solid ribbon model). The crystal structure of the dark
state of intact PYP without the N-terminal 23 amino-acid
residues is superimposed on the model structure. The loop
between b4 and b5 and the a4 helix that envelops the
chromophore-binding pocket in the dark state of the protein
move away from each other, opening the chromophore-
binding pocket. The calculated proﬁles of the dark-state
structure and the PYPM model structure are described in Fig.
7 b and are very close to the respective observed proﬁles
(Fig. 3 c), indicating that the average structure satisﬁed the
criteria required for PYPM structures. The root mean-square
deviation of the model structure of PYPM from the structure
of intact PYP is shown in Fig. 7 a. This result suggests
that the structural changes in PYPM are localized in the
N-terminal tail (residues 24–28), the a4 helix (residues 55–
58), and the loop connecting b4 and b5 (residues 96–102).
We then assessed the statistical signiﬁcance of the ob-
served structural displacements between the obtained model
and the dark-state structure. The 51 selected structures were
randomly divided into ﬁve subsets so that each subset in-
cluded;10 independent structures, and the average structure
of each subset was calculated. These 5 average structures
(white line ribbon models in Fig. 6) were superimposed on
the average structure of the 51 structures. Because of the
decrease in the number of structures that were averaged for
each subset compared with the overall averaging, the ob-
tained average structures of the subsets ﬂuctuated slightly
around the average structure of all 51 of the selected struc-
tures. Common displacements between each of the average
structures and the dark-state structure, however, can be ob-
served demonstrating the statistical stability of the observed
displacements obtained using our selection rules.
DISCUSSION
A two-dimensional x-ray detector and third-generation syn-
chrotron radiation enabled us to accurately measure the high-
angle x-ray scattering proﬁles of the proteins in solution. The
recent development of the CRYSOL software package (36)
enabled us to calculate a reliable scattering proﬁle from the
crystal structure. It has been reported that the scattering pro-
ﬁle in the high-angle region is sensitive to conformational
changes in the protein (30–33,43–45). Therefore, the analysis
of high-angle scattering should provide useful information
about a protein’s conformation in solution and conformational
changes that occur as the protein assumes transient states.
FIGURE 6 The model structures of the chromophore-binding regions of
the dark state of PYP (yellow solid ribbon model) and PYPM (white solid
ribbon model). The model of the dark state was built after removal of the
N-terminal 23 amino-acid residues from the crystal structure (1NWZ) of
intact PYP. To assess the statistical reproducibility of the observed structural
differences, ﬁve average structures obtained for the subsets of ;10 candi-
date structures randomly extracted from the original 51 candidate models are
superposed on the solid ribbon models (white line ribbon models). This
clearly demonstrates that the ﬁve average structures of the subsets are well
converged on the average model of the 51 candidate structures.
FIGURE 7 (a) The root mean-square deviation values of the Ca positions
in the model structure of PYPM compared with those in the model of the dark
state. (b) High-angle x-ray scattering proﬁles calculated from the model of
the dark state (open circles) and the model of PYPM (solid circles).
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Using PYP as a model protein, we measured signiﬁcant
proﬁle changes after deletion of the N-terminal region of
PYP, indicating that the high-angle scattering proﬁle reﬂects
intramolecular interference. The agreement between the cal-
culated and the experimentally obtained proﬁles for intact
PYP, T6, and T23 indicates that their structures in solution are
very similar to the crystal structure. This fact further indicates
that high-angle x-ray scattering can be used to examine whether
or not a solution structure is the same as a crystal structure.
We observed substantial changes in the high-angle
scattering proﬁles for the truncated PYP variants on illu-
mination, indicating signiﬁcant conformational changes in
the chromophore-binding region of PYP. To characterize
these conformational changes, we generated structural models
of PYPM and evaluated the validity of these atomic structural
models with high-angle scattering.
A recent study revealed that equilibrium ﬂuctuation in the
ligand-free state (inactive state) is closely related with
structural changes that occur on ligand binding (active state
formation) (46). Furthermore, computational and experi-
mental studies have proposed that the structure of an active
state can be found in the structural ensemble of the inactive
state (47–49). Therefore, it can be assumed that the structural
ensemble that includes the structure of the active state of
PYPM can be substituted with the structural ensemble
obtained by MD simulation of the inactive state of PYP.
Because the solution structure of PYPM was predicted to
undergo large conformational changes, the ensemble should
include large-amplitude ﬂuctuations. MD simulation of large
conformational changes is limited by computational re-
sources. In this study, we used the CONCOORD program to
build the ensemble instead of MD simulation. This program
produces a structural ensemble that is generated using the
empirical restriction parameters of the interatomic distances.
The restriction using the empirical parameters is not as
stringent as that used in MD simulations, and the obtained
structure ensemble includes a wide range of structures. It was
reported that although the ﬂuctuation distribution obtained
using CONCOORD is similar to that obtained with MD
simulations, the amplitudes of the ﬂuctuations tend to be
larger (38). In this analysis, 51 candidates for the structure of
PYPM were selected from the structural ensemble based on
the calculated scattering proﬁles. The scattering proﬁle for
the average structure of the 51 selected structures retains two
required characteristics of the PYPM structure (Fig. 7 b). We
can conclude that the selected structures possess the common
principal components of the structural displacements from
the dark-state structure, which reﬂect the structural change
that occurs during the formation of PYPM.
This structural analysis based on the intramolecular
interference scattering observed in a high-angle region has
some limitations. Highly disordered regions in an object
cannot clearly exhibit intramolecular interference. Therefore,
it is difﬁcult to determine the structure of such regions, as
was seen in the cases of the N-terminal regions of the dark
state of T15 and of the PYPM intermediates of T6 and T15.
Furthermore, mixed states that include several structurally
distinguishable states make it cumbersome to determine the
intrinsic structures of each state. To handle cases involving
equilibria among several thermodynamically stable states,
the observed proﬁle should be decomposed into the indi-
vidual proﬁles of each component. To overcome this prob-
lem, one simple solution is to ﬁnd solution conditions that
drastically shift the equilibrium toward the desired state. If
such a condition cannot be found, a series of scattering pro-
ﬁles should be measured under various pHs, temperatures,
and salt concentrations to slightly shift the equilibrium. Sin-
gular value decomposition analysis can then be applied to the
data set to reconstruct a scattering proﬁle of each component.
For PYPM of T23, the high-angle scattering proﬁle
exhibited substantial changes during the formation of the
intermediate. Whereas a single broad peak at Q ¼ 0.39 A˚1
was observed for the dark state of T23, the light state of T23
showed the characteristic bimodal shape. Consequently, we
were able to select the recommended structural models using
very qualitative selection rules. We are interested in the
structural characterization of large structural changes in
proteins, which can be assumed to be a crucial event for
protein function. Because large structural changes produce
signiﬁcant alterations in scattering proﬁles, qualitative
selection procedures are widely used to characterize these
structural changes. Improving the structural selection crite-
ria, however, may produce additional structural information.
In this article, it was shown that the calculated proﬁle was
quite similar to the observed proﬁles in regard to the peak
position and the overall proﬁle shape. Carefully comparing
the proﬁles, however, reveals slight differences between
the calculated and observed proﬁles; the peak widths of the
observed proﬁles are slightly broader than that of the
calculated proﬁle (e.g., comparing Fig. 3 and Fig. 7 b). This
broadening is mainly caused by ﬂuctuation around the
average structure. It was reported that the scattering proﬁle
calculated from a crystal structure can be improved to match
to the observed proﬁle by employing the Debye-Waller ex-
pression in the calculation to account for ﬂuctuations in the
protein (45). Quantitative selection of the structures using
this modiﬁed calculation method should also provide dy-
namic information about the protein.
The solution structures of PYP lacking the N-terminal 25
residues under the dark and illuminated conditions were
clariﬁed in NMR studies (19). The NMR structure demon-
strates the partially unfolded nature of PYPM. In particular,
the three regions at residues 42–58, 63–78, and 96–103 (the
amino-acid positions in intact PYP) are highly disordered
and adopt various orientations that expose the hydrophobic
chromophore to the solvent. Although the structural changes
in the a4 helix (residues 55–58) and the loop connecting
b4 and b5 (residues 96–102) revealed in this study are
conserved in the NMR structure, there are signiﬁcant
differences in the amplitudes of the structural displacements.
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In our model, the disordered region in the NMR structure
does not appear to be as elongated, and the chromophore is
buried inside the molecule. The 20 NMR structures of PYPM
and the dark state of the protein are listed in the 1ODV and
1XFQ PDB ﬁles, respectively. The scattering proﬁles of the
NMR structures were calculated using CRYSOL. The
proﬁles of the 20 NMR structures of the dark state of PYP
are similar to the proﬁle of the dark state of T23 (not shown).
On the other hand, the calculated proﬁles of the NMR
structures of PYPM are quite different from each other and
demonstrate ambiguous intramolecular interference scatter-
ing (Fig. 8). Although some structures resulted in two peaks
with relatively low intensities, the positions of the two peaks
are widely separated from each other and are not consistent
with the peak positions obtained for T23. The calculated
proﬁles also suggest that the NMR structures are different
from each other. The spatial average of these proﬁles does
not show the characteristic properties of the experimental
scattering curve. The increases in the calculated radii of
gyration of the NMR structures (.2 A˚) are also larger than
the observed value (;0.7 A˚) (22), suggesting that the NMR
structures are not as compact as the native solution structure.
It is possible that the elongation of the a-helix-rich region
(residues 42–78) and the degree of disorder are over-
estimated in the NMR structures of PYPM. Although the
reason that NMR produced such highly disordered structures
is unclear, the poor distance restraints in these regions may
not yield good convergent structures, resulting in the
divergent features of the obtained models. Our circular
dichroism study on N-terminally truncated variants of PYP,
however, suggested that a portion of the helices involved in
chromophore binding region unfolds during the formation of
PYPM (23). Thus, it is possible that the structure of PYPM
actually ﬂuctuates, particularly in the a-helix-rich region,
causing the poor deﬁnition of the distance restrictions
observed in the NMR study. The scattering proﬁle of the
PYPM intermediate of T23, however, clearly shows intra-
molecular interference, indicating that the ﬂuctuation is not
large and is not stochastic; i.e., the average structure can be
deﬁned. Therefore, the NMR structure may simply exagger-
ate each displacement.
X-ray scattering and NMR experiments provide different
but complementary structural information about a protein in
solution. NMR measurements reveal subsets of high-resolu-
tion interatomic distances in well-structured regions of an
object. The number of distance restrictions, especially long-
distance correlations, however, is rapidly reduced by slight
ﬂuctuations, resulting in an ensemble of divergent structures.
On the other hand, high-angle x-ray scattering measurements
provide global structural information through the superpo-
sition of distance correlations among all interatomic dis-
tances as long as an average structure of the object can be
determined. However, it is difﬁcult to extract each inter-
atomic distance from the observed proﬁle. Because the two
measurements were performed using comparable solution
conditions, combination of these two methods compensates
for the drawbacks associated with each method. In this work,
the structural ensemble was built from the dark-state
structure of PYP using the CONCOORD software package
with the default empirical restriction parameters for inter-
atomic distances. If the subset of distance restrictions
determined by NMR measurements is used in addition to
the empirical parameters in the construction of a structural
ensemble, the obtained structures that make up the ensemble
necessarily satisfy the experimentally determined restric-
tions. Consequently, the structures selected from the ensem-
ble using high-angle x-ray scattering criteria satisfy the
restrictions determined by both methods, resulting in im-
provements of the accuracy and the reliability of the obtained
model structure.
The structure of the N-terminal region of T6 is similar to
that of the dark state of the wild-type protein. It, however,
undergoes large structural changes during the formation of
PYPM that abrogate the intramolecular interference between
the N-terminal and chromophore-binding regions. The lack
of interference suggests that the N-terminal region primarily
moves stochastically and assumes a variety of conformations
in PYPM. A schematic structural model for wild-type PYPM
was built by combining the structural model of the chromo-
phore-binding region of the PYPM intermediate of T23 with
the structural ﬂuctuation of the N-terminal region predicted
by the results for T6 (Fig. 9). Note the curvature change of
the b-sheet that accompanies the movement of the b4-b5
loop. Our previous study using Fourier transform infrared
FIGURE 8 The calculated scattering proﬁles of the NMR structures of
PYPM (1ODV). Each proﬁle is shifted along the longitudinal axis, and the
proﬁles for model 1 to model 20 are shown from the bottom to the top of the
ﬁgure. The dashed line indicates the peak positions (Q ¼ 0.36 A˚1 and 0.55
A˚1) in the scattering proﬁle of the PYPM intermediate of T23.
3640 Kamikubo et al.
Biophysical Journal 92(10) 3633–3642
spectroscopy revealed that the prominent amide I peak
assigned to the antiparallel b-sheet structure changed as the
protein became the PYPM intermediate, although the precise
mechanism underlying this change was unclear (23). The
observed curvature change would cause the change in the
amide I peak. Although the movement of the b4-b5 loop
cannot be seen in a crystal (11,12), a similar structural change
was predicted in an MD study, in which this loop was found
to move ;3 A˚ away from the other loop (50). The move-
ments of the b4-b5 loop and the a4 helix are likely to be
involved in regulating the accessibility of the chromophore-
binding domain to solvent water molecules, resulting in a
fully protonated chromophore during the formation of PYPM.
The ﬂuctuation analysis indicated that several residues,
including Phe6, Ile11, Glu12, Leu15, Asp20, and Leu23,
stabilize the N-terminal region of the protein (Fig. 2).
According to the crystal structure of the dark state of PYP,
these residues associate with the Leu26, Phe28, Lys110,
Ala112, Trp119, and Phe121 from the b-sheets in the
chromophore-binding region (37). The solution structural
model of the chromophore-binding region of PYPM shows a
large structural change in the N-terminal tail (residues 24–
28) of T23, which is the linker between the a2 helix and the
b1 strand in intact PYP. Assuming that this structural change
in the N-terminal tail also occurs in intact PYP, Leu26 and
Phe28 on the linker would be perturbed. Because these
residues are close to the several residues involved in the
N-terminal cap (Phe6, Leu15, and Leu23; Fig. 9), it is plau-
sible that the structural change of the linker region involving
Leu26 and Phe28 inﬂuences the stability of the N-terminal
cap of intact PYP, leading to the formation of the chaotic
N-terminal structure in PYPM.
High-angle x-ray scattering allows us to measure struc-
tural properties under various solution conditions. Moreover,
it permits us to derive structural changes in the transient
states of proteins as well as their resting structures in solu-
tion. Fluctuation analysis combined with high-angle x-ray
scattering is a powerful method for deducing structural
changes in a protein’s transient states.
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